1. Introduction
===============

TN, the most prevalent disease of facial pain, is characterized by excruciating shooting pain in regions dominated by trigeminal nerve. Despite advances in the therapy of trigeminal neuralgia (TN), such as microvascular decompression (MVD) Gamma Knife radiosurgery (GKRS) and percutaneous radiofrequency thermocoagulation (PRT), some 5% to 10% of patients may not achieve immediate pain relief after initial surgeries, and recurrence rates rise up to 50% at 10 years, leading to significant personal, social, and economic burden.^\[[@R1],[@R2]\]^ Development of more effective treatment strategies for this neuropathic pain disorder will require better knowledge of its neurobiological underpinnings.

According to current opinion, TN is caused by a proximal nuerovascular compression at the trigeminal nerve root entry zone in the prepontine cistern leading to secondary demyelination of trigeminal nerve root.^\[[@R3]\]^ However, it has been evidenced that the compressed nerve may represent a risk factor for the development of TN, but other reasons may also involved in the elicitation of TN.^\[[@R4],[@R5]\]^ Jannetta^\[[@R6]\]^ described 12% of his investigated TN patients had no nerve vessel conflict, whereas as Kakizawa et al^\[[@R7]\]^ indicated that up to 49% of people without TN show a nerve vessel contact on magnetic resonance imaging (MRI). Moreover, numerous MRI studies indicate that both structural and functional alterations of central nervous system exist in patients with TN.^\[[@R4],[@R8]--[@R10]\]^

Obermann, using voxel-based morphometry, found that gray matter (GM) volume reduction in TN patients compared to healthy controls in multiple cortical and subcortical areas of the brain and the reduction within anterior cingulate cortex (ACC), parahippocampus, and temporal lobe are correlated with increasing disease duration.^\[[@R4]\]^ By using task functional MRI (fMRI), Moisset et al^\[[@R9]\]^ detected a mass of abnormal activation areas of the brain in TN patients when painful stimuli was applied to the trigger zone.

In resting-state fMRI (rs-fMRI) studies, altered patterns of ReHo were detected in patients with TN. Wang et al^\[[@R11]\]^ reported that the ReHo was decreased in amygdala, parahippocampal gyrus, and cerebellum and increased in the inferior parietal lobule (IPL), inferior temporal gyrus (ITG), postcentral gyrus (PoCG), and thalamus. ReHo measures the local synchronization of spontaneous fMRI signals by calculating similarity of dynamic fluctuations of voxels within a given cluster, which has been recognized as a highly sensitive, reproducible, and reliable neuroimaging marker in diagnosis and assessment of numerous nervous system diseases.^\[[@R12],[@R13]\]^ However, little is known about the alteration of ReHo in TN patients after effective neurosurgical treatment.

Our objective was to detect the whole brain resting-state ReHo changes in patients with TN before and after the PRT procedure in order to identify specific spontaneous activity patterns that may be associated with the development and persistence of this debilitating facial pain condition. We also performed correlation analysis between ReHo and clinical variables so as to speculate about the possible brain areas that mediate the surgical impact on pain relief or facial numbness severity.

2. Materials and methods
========================

2.1. Patients and study design
------------------------------

In this study, 38 patients who underwent the PRT procedure for classical TN were recruited from the Department of Pain Management at XuanWu Hospital between June 2015 and January 2016. The patients were all right-handed. All of them had right-sided pain affecting the maxillary and/or mandibular division of the trigeminal nerve, and met the criteria for classical TN as outlined by the International Classification of Headache Disorders-II (2004). They are all characterized by little or no pain at rest, with intermittent paroxysms of shooting pain. The exclusion criteria were (1) patients with chronic pain other than TN, (2) patients with neural diseases, diabetes, or brain surgery history, and (3) patients unable to undergo MRI scanning because of claustrophobia or other psychological disorders, or metal implantation.

There were 2 scheduled scanning sessions; 1 was in 1 week before the PRT procedure, and the other one was 6 months after the surgery. Patients on carbamazepine or other pain medications were asked to discontinue use of their medication for 1 week before their MRI scans. To make sure that patients maintained pain-free state during scanning session, they could halt the experiment by activating a safety mechanism held in one hand, if they suffered a facial pain paroxysm.

The duration of pain, frequency of pain paroxysms, and visual analog scales (VAS) for pain intensity were obtained before the first MRI scanning. Facial numbness classification (grade I to IV) was recorded before the second MRI scanning.^\[[@R2]\]^ If any patient got pain recurrence or did not receive pain relief during the following 6 months after the PRT procedure, the VAS would also be recorded. The Research Ethics Committee of Xuanwu Hospital approved this study and written informed consent was obtained from each participant.

2.2. PRT procedure
------------------

The PRT procedure was performed according to our previously reported.^\[[@R2],[@R14]\]^ The puncture of gasserian ganglion was according to the Hartel anterior route. The best puncture approach to the oval foreman and the corresponding skin insertion point was determined by CT scanning. Motor (2 Hz, 1 ms) and sensory (50 Hz, 0.1 ms) were performed to confirm or readjust the needle tip position to confirm the accuracy. The gasserian ganglion was thermally coagulated with radiofrequency at 75 °C for 120 s.

2.3. MRI data acquisition
-------------------------

MRI examinations were acquired using a Siemens Tim Trio 3 T MRI system (Siemens, Erlangen, Germany). Foam padding and headphones were used to limit head motion and reduce scanner noise.^\[[@R15]\]^ All patients were instructed to lie with their eyes open, think of nothing in particular, and not fall asleep. High-resolution T1-weighted anatomical images were obtained by using rapid gradient echo sequence with the following parameters: repetition time (TR) = 1900 ms, echo time (TE) = 2.19 ms, flip angle (FA) = 9°, field of view (FOV) = 256 mm, sections = 176, voxel size = 1 × 1 × 1 mm^3^. Resting-state functional datasets were recorded using a T2∗-weighted echo-planar imaging (EPI) sequence with the following parameters: TR = 2000 ms, TE = 30 ms, FA = 90°, FOV = 240 mm, sections = 33, thickness = 4 mm.

2.4. Data processing
--------------------

All preprocessing steps and ReHo analyses were carried out using statistical parametric mapping (SPM12, <http://www.fil.ion.ucl.ac.uk/spm>) and Data Processing & Analysis for Resting-state Brain Imaging (DPABI Version 2.1, [http://www.restfmri.net](http://www.restfmri.net/)).^\[[@R16]\]^ The first 10 volumes of each functional time series were discarded because of instability of initial magnetic resonance imaging signal and adaptation of participants to the circumstance. The remaining 230 volumes were corrected for the acquisition time delay between the different slices and were also corrected for geometrical displacements according to the estimated head movement and were realigned to the first volume. Patients whose head motion translation values were \>2.0 mm in any direction of *x*, *y*, *z*, rotation values \>2° of any angle, or the mean frame-wise displacement (meanFD) \>0.4 mm were excluded.^\[[@R17],[@R18]\]^ After motion correction, the mean structural image was co-registered to the mean realigned functional image and then spatially normalized by using DARTEL (diffeomorphic anatomical registration using exponentiated lie algebra).^\[[@R19]\]^ A multiple linear regression analysis was performed to remove several nuisance signals, including 6 head motion parameters, the white matter signal, and the cerebrospinal fluid signal. The linear trend of the time series was removed and band-pass filtering (0.01 Hz \< *f* \< 0.1 Hz) was performed to reduce the influence of physiological noise, such as the respiratory and cardiac rhythms. Besides excessive head motion, all patients with bad brain extraction, tissue segmentation and with bad surface construction were also excluded from the subsequent analysis.

2.5. ReHo analysis
------------------

ReHo is computed as Kendall\'s coefficient of concordance (KCC) value of the ranked time series of a given voxel to its nearest neighbors. To optimize the trade-off between mitigation of partial volume effects and generation of Gaussian random fields, we chose 27 voxels to calculate the ReHo, as it is more appropriate for covering all directions in 3D space.^\[[@R13]\]^ We implemented the computation of ReHo in individual native spaces to avoid multiple confounding sources introduced by head motion, imperfect image registration, and non-neural physiological processes.^\[[@R13]\]^ For standardization purposes, individual ReHo maps were divided by their global average within the whole-brain mask. Then, spatial smoothing was performed using a 4 mm full-width at half-maximum (FWHM) Gaussian kernel.

2.6. Statistical analysis
-------------------------

Within-subject comparisons were made to compare pre- and postsurgical voxel-wise ReHo values using paired samples *t* tests. Voxels with a *P* value \< 0.005 and cluster size \> 54 were considered to show significant difference, which was equal to a corrected threshold of *P* \< 0.05, determined by the Monte Carlo stimulation (the AlphaSim program in the DPABI toolbox).

The correlations between the ReHo values (*z* stats) of these significant clusters and clinical scales in patients were performed by Pearson\'s correlation analysis with a threshold of *P* \< 0.05. The change of ReHo between the pre- and postsurgical conditions (ΔReHo) was also calculated as the correlation coefficient with clinical variables.

3. Results
==========

3.1. Patients' characteristics and clinical assessments
-------------------------------------------------------

For a total of 38 recruited patients, 32 patients completed the 2 scheduled MRI scanning sessions, and other 6 patients were excluded because they refused to receive re-text MRI scanning and lost to follow-up or pain paroxysm during the MRI scanning. One patient was excluded for excessive head motion. Finally, 31 patients were included in subsequent data analysis.

Among patients who completed the whole study, 29 patients achieved immediate excellent pain relief and 2 patients achieved moderate pain relief after the PRT procedure, and no patient had pain recurrence during follow-up. Compared with presurgery condition, the VAS score and pain frequency reduced significantly after the PRT procedure. Moreover, all patients had different degrees of facial numbness after the PRT procedure. Patient demographic and clinical details are presented in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}.

###### 

Patient characteristics prior to the study.
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###### 

Changes in pain and facial numbness between pre- and postsurgical conditions.
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3.2. ReHo alterations
---------------------

In the rs-fMRI images, TN patients showed that significant ReHo value increases in the right fusiform gyrus (FG) and bilateral ACC (*P* \< 0.05, AlphaSim corrected), but decreases in the left IPL, right calcarine, right middle temporal gyrus (MTG), left PoCG, and left insula (*P* \< 0.05, AlphaSim corrected) after the PRT procedure (Table [3](#T3){ref-type="table"} and Fig. [1](#F1){ref-type="fig"}).

###### 

Brain regions with significant different ReHo values pre- and postsurgical (*P* \< 0.05, Alphasim corrected).
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![ReHo differences between pre- and postsurgical conditions. The color bar represents the *t* value of the paired *t* test of ReHo. ReHo = regional homogeneity.](medi-95-e5193-g004){#F1}

3.3. Correlations between ReHo and clinical variables
-----------------------------------------------------

The significantly positive correlation was found between ReHo in the left PoCG and VAS scores (presurgical: *r* = 0.620, *P* \<  0.001; postsurgical: *r* = 0.379, *P* \<  0.05). The presurgical ReHo in the right MTG was negatively correlated with ΔVAS scores (*r* = --0.360, *P* \<  0.05). A significant negative correlation was shown between disease duration and postsurgical ReHo in the left IPL (*r* = --0.358, *P* \<  0.05), accompanied by a negative correlation between duration and ΔReHo in the bilateral ACC (*r* = --0.384, *P* \<  0.05). The significant correlation between age, numbness, and ReHo was not found (Fig. [2](#F2){ref-type="fig"}).

![Brain areas that demonstrated altered ReHo between pre- and postsurgical conditions and correlated with clinical variables. (A) Cluster in the left PoCG; (D) cluster in the right MTG; (G) cluster in the left IPL; (J) cluster in the bilateral ACC; (B, E, H, K) ReHo between pre- and postsurgical conditions; (C, F, I, L) ReHo correlated with clinical variables. ^∗^*P* \< 0.05. ACC = anterior cingulate cortex, IPL = inferior parietal lobule, MTG = middle temporal gyrus, PoCG = postcentral gyrus, post = post-surgical condition, pre = pre-surgical condition, ReHo = regional homogeneity.](medi-95-e5193-g005){#F2}

4. Discussion
=============

This study is the first to explore the alternations of whole brain ReHo in TN patients after the PRT procedure. The current study revealed significantly altered intrinsic resting-state ReHo in several brain regions in patients with TN between pre- and postsurgical conditions.

The involvement of S1, located in the PoCG, in pain processing has been known for a long time.^\[[@R20]\]^ fMRI studies have found that PoCG is activated during noxious stimulation as well as in association with pathological pain states such as TN, postherpetic neuralgia, and chronic low back pain.^\[[@R8],[@R20]--[@R22]\]^ In our study, the dramatic decrease of ReHo values at PoCG (especially the area corresponding to the face) after the PRT procedure indicates that PoCG plays a highly modulated role in the sensory aspects, including the localization and discrimination of pain.

Functional studies showed that the insula processes both in acute and chronic pain perception.^\[[@R23]\]^ Borsook et al^\[[@R8]\]^ described an increased activation of the insula during evoked and spontaneous tics in TN patients in comparison to healthy controls. Direct stimulation of the insula in humans can produce intense shock-like pain, which is similar to the paroxysms of TN.^\[[@R24]\]^ In patients with and without allodynia, light tactile stimulation of the affecting division induced activation of the insula. However, the enhanced activation was disappearing after the PRT procedure.^\[[@R9]\]^ The increased activation in the insula may be correlated with the exaggerated expectancy of pain and attention. A recent combined structural and FC analysis of insular subdivisions supported that the anterior insular part is associated with cognitive-affective dimension of pain.^\[[@R25]\]^ According to the same insular subdivision system, we found decreased ReHo in the left anterior insular part in patients after surgery.

Another important area for the occurrence of TN and that shares important interactions with the insula is the ACC. ACC and anterior insula are known to be important parts of salience network, which activates during salient changes in the sensory environment.^\[[@R26]\]^ The rostral ACC and insula are activated by attention to the unpleasantness of pain, and patients with chronic pain exhibit increased functional connectivity between the ACC and anterior insula at rest and during pain processing.^\[[@R27],[@R28]\]^ However, the effect of ACC in TN is still controversial. A large portion of the ACC was active during spontaneous tics in patients with TN.^\[[@R8]\]^ The painful stimulation at the trigger zone activated the bilateral posterior part of ACC \[caudal areas of BA (Brodmann area) 24 and 32\].^\[[@R9],[@R29]\]^ But the abnormal activity of ACC has not been detected in TN patients at resting state.^\[[@R11]\]^ Of note, we found the decreased rostral ACC (anterior area of BA 32) activation after surgery, which may correspond with its activation in patients with treated complex regional pain syndrome (CRPS) in Becerra\'s study.^\[[@R30]\]^ These findings suggest that different regions of ACC might play different roles in TN.

IPL and MTG are located at the posterior lateral cortices, which is 1 of 3 major subdivisions of the default mode network (DMN).^\[[@R31],[@R32]\]^ DMN is the most thoroughly investigated and stable resting-state network, and the posterior lateral subdivision of this network is involved in mediating the recognition and rumination of pain.^\[[@R26],[@R33]\]^ Moreover, this network can be affected by a chronic pain state. Greater clinical pain in chronic low back pain and fibromyalgia patients was associated with greater intrinsic DMN and DMN-insula connectivity.^\[[@R34]\]^ In comparison to healthy control, patients with migraine showed decreased connectivity in prefrontal and temporal gyrus of the DMN.^\[[@R35]\]^ Greater connectivity between the DMN and the insula is directly associated with the duration of migraine attacks.^\[[@R36]\]^ In our present work, the decreased activation of both IPL and MTG in patients after surgery was detected. However, the alternations of functional connectivity between the 2 cortices and within the DMN remain to be explored.

A significant ReHo increase was noticed in the right FG, an area often associated with facial recognition.^\[[@R37]\]^ It has been known that this area is involved in both detection and identification of faces.^\[[@R38]\]^ In this study, we did not perform any visual stimulation to the patients, so we inferred that TN might impair the self-face perception of the patients. When pain was relief, the activation of FG was reinforced. This finding is in line with a voxel-based morphometry study on TN. Parise et al^\[[@R39]\]^ found the reduction of cortical thickness at FG in TN, and the thickness is correlated negatively with the carbamazepine dose.

Other than the involvement of facial perception, FG also plays some role in chronic pain condition. Postoperative pain can activate the ipsilateral FG.^\[[@R40]\]^ Patients with low back pain displayed activation of FG, and the activation can be enhanced by visualization of painful experiences.^\[[@R41]\]^ Both structural and functional abnormalities of FG have been identified in patients with migraine. The left FG had an increased volume in patients with aura compared to patients without aura and healthy controls, whereas it was significantly atrophied in patients without aura.^\[[@R42]\]^ The fALFFs (fractional amplitude of low-frequency fluctuation), measures that quantify the activation of brain regions, in migraine patients were significantly decreased in the right FG.^\[[@R43]\]^ However, the assignment of FG in TN in addition to facial perception has not been known at all.

It is worth noting that ReHo is not merely a reliable metric to investigate the spontaneous neuronal activities in resting-state fMRI, but also has correlation with some clinical variables in chronic pain situations.^\[[@R34],[@R44],[@R45]\]^ A novel finding in the present study was the lower baseline ReHo of the MTG was associated with greater pain relief (ΔVAS) after the PRT procedure. The result indicates that the pre-surgical ReHo values in this area can be used as neuroimaging markers for predicting response to the treatment. Moreover, the dynamic ReHo changes observed at PoCG, in association with the varying VAS scores observed in our study, might represent the important role that PoCG plays in monitoring pain intensities. Other findings like the negative correlation between ΔReHo in the bilateral ACC and disease duration, and the negative correlation between post-surgical ReHo in the left IPL and duration, suggested that the dysfunction in these brain regions becomes more and more serious along with TN progression.

There were several limitations that should caution in the interpretation of the current results. First, our results were limited to a small sample size, and no resistant or recurrent patient was observed. So we were not able to apply a subgroup analysis to identify specific brain regions as prognostic indicators. Second, we only examined patients with right-sided pain to avoid flipping the scans. However, it may have produced bias in identification of the predominant side of brain regions. At last, ReHo is a widely used tool for local connectivity analysis, but the remote or long-distance relationships in cerebral cortex parcellation should also be detected.

5. Conclusion
=============

Our findings contribute to the growing body of evidence indicating that functional alterations of central nervous system exist in TN patients after receiving the PRT procedure.^\[[@R9]\]^ Alterations of ReHo post-surgical were found in several regions, including PoCG (S1), insula, ACC, IPL, MTG, FG and calcarine, which are related to sensory, affective, and emotional processes. Furthermore, a negative relationship between pain relief and pre-surgical ReHo in the MTG was identified. These results may help to improve our understanding of abnormal neural activities in TN. However, further studies are needed with a large sample size, longitudinal observation, and multimodality imaging analysis.

Abbreviations: ACC = anterior cingulate cortex, BA = Brodmann area, CRPS = complex regional pain syndrome, DMN = default mode network, EPI = echo-planar imaging, FA = flip angle, FG = fusiform gyrus, FOV = field of view, GKRS = Gamma Knife radiosurgery, GM = gray matter, IPL = inferior parietal lobule, KCC = Kendall\'s coefficient of concordance, MRI = magnetic resonance imaging, MTG = middle temporal gyrus, MVD = microvascular decompression, PoCG = postcentral gyrus, PRT = percutaneous radiofrequency thermocoagulation, ReHo = regional homogeneity, TE = echo time, TN = trigeminal neuralgia, TR = repetition time, VAS = visual analog scales.
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